Morphine induces antinociception by activating opioid receptors (ORs) in spinal and supraspinal regions of the CNS. ␤arrestin-2 (␤arr2), a G-protein-coupled receptor-regulating protein, regulates the OR in vivo. We have shown previously that mice lacking ␤arr2 experience enhanced morphineinduced analgesia and do not become tolerant to morphine as determined in the hot-plate test, a paradigm that primarily assesses supraspinal pain responsiveness. To determine the general applicability of the ␤arr2-OR interaction in other neuronal systems, we have, in the present study, tested ␤arr2 knock-out (␤arr2-KO) mice using the warm water tailimmersion paradigm, which primarily assesses spinal reflexes to painful thermal stimuli. In this test, the ␤arr2-KO mice have greater basal nociceptive thresholds and markedly enhanced sensitivity to morphine. Interestingly, however, after a delayed onset, they do ultimately develop morphine tolerance, although to a lesser degree than the wild-type (WT) controls. In the ␤arr2-KO but not WT mice, morphine tolerance can be completely reversed with a low dose of the classical protein kinase C (PKC) inhibitor chelerythrine. These findings provide in vivo evidence that the OR is differentially regulated in diverse regions of the CNS. Furthermore, although ␤arr2 appears to be the most prominent and proximal determinant of OR desensitization and morphine tolerance, in the absence of this mechanism, the contributions of a PKC-dependent regulatory system become readily apparent.
The regulation of G-protein-coupled receptor (GPCR) signaling can determine the extent of drug effect. In the continued presence of agonist, GPCR signaling is curtailed by a process of desensitization that results in a disrupted signal to the principal secondary messenger cascade. In the classic sense, GPCR desensitization results after the GPCR is uncoupled from its G-protein.
Desensitization occurs when agonist-stimulated receptor is phosphorylated by a GPCR kinase (GRK) and then attracts an arrestin protein Krupnick and Benovic, 1998; Lefkowitz, 1998) . The arrestin binds to the phosphorylated receptor and thereby acts as a damper to prevent further coupling of the receptor with the G-protein. Several reports have demonstrated the importance of GRKs and arrestins in determining GPCR signaling in cell cultures, where it has been shown that certain GRKs and arrestins can affect GPCR desensitization. For example, the overexpression of GRK2 leads to greater phosphorylation and desensitization of rat opioid receptors (ORs), whereas an overexpression of ␤arrestin (␤arr) can increase the internalization of the OR in transfected cell systems (Whistler and von Zastrow, 1998; Zhang et al., 1998) .
To gain a greater understanding of the contribution of ␤arr2 to opioid receptor signaling, we tested the effects of morphine in mice lacking ␤arr2. ␤arr2-knock-out (␤arr2-KO) mice experience enhanced and prolonged antinociception in the 56°C hot-plate test after morphine treatment compared with their wild-type (WT) littermates (Bohn et al., 1999) . Furthermore, these mice do not develop tolerance to morphine after acute or chronic treatment in this test of pain perception, yet they still develop morphine dependence (Bohn et al., 2000b) . These observations indicate that at least in this nociception paradigm, functional desensitization of the OR is required for development of tolerance to morphine, whereas morphine dependence can be dissociated from desensitization and tolerance.
The opioid regulation of pain perception involves ORs in both spinal and supraspinal regions of the CNS (for review, see Cesselin et al., 1999; Heinricher and Morgan, 1999) . The spinal and supraspinal action of opioids are both believed to contribute significantly to hot-plate responses, although the supraspinal system is thought to be the more prominent contributor. The spinal action of opioids is believed to contribute to the spinal reflex demonstrated by rapid tail withdrawal from a heat source (i.e., a tail flick). The spinal reflex associated with pain perception is usually tested as the latency of time passed before the tail is withdrawn. Mice that lack the OR no longer experience morphine antinociception in either of these tests, indicating that the OR is primarily responsible for mediating morphine antinociception (Sora et al., 1997; Kieffer 1999) . Regulation of the OR is therefore an attractive target for affecting the degree of antinociception and tolerance induced by morphine. The overall manifestation of morphine-induced antinociception and tolerance undoubtedly involves complex neuronal interactions and many different signaling components. As an example, there is much evidence that the activation of PKC may play an integral part in the development of morphine antinociceptive tolerance (Mayer and Price, 1976; Narita et al., 1995; Li and Roerig, 1999; Granados-Soto et al., 2000; Inoue and Ueda, 2000; Zeitz et al., 2001) . Furthermore, the extent of OR desensitization in different brain regions of the rat was shown to differ after chronic morphine treatment, suggesting that the receptor could be differentially regulated (Noble and Cox, 1996) . By using mice that lack an essential component of the desensitization process, ␤arr2, we are able to assess the contribution of this and other mechanisms to the antinociceptive actions of morphine in various pain perception paradigms. It is becoming increasingly apparent that the regulation of a particular receptor may differ depending on its cellular environment, be it different regions of the nervous system or within different cell types. Using this model, we now demonstrate that the spinal antinociceptive actions of morphine are regulated by ␤arr2-and PKC-dependent pathways, suggesting that, within the spinal system, both of these regulatory mechanisms contribute to OR regulation.
MATERIALS AND METHODS
Animals and drugs. The W T mice, heterozygotes, and knock-out mice are generated as littermates from crossing heterozygous ␤arr2 C57BL /6/ 129SvJ animals (over nine generations) as described previously (Bohn et al., 1999) . Mice used in this study were age-matched, 3-to 5-month-old male siblings weighing between 20 and 35 gm. In all experiments, W T littermates served as controls for the ␤arr2ϩ/Ϫ and ␤arr2-KO mice, and all genotypes were evaluated simultaneously. Groups of mice were only used in the individual experiments indicated. To prevent damage to the tail, genotyping was performed on DNA extracted for tissue punched from the ear of each mouse. E xperiments were conducted in accordance with National Institutes of Health Guidelines for the Care and Use of Laborator y Animals and with an approved animal protocol from the Duke University Animal C are and Use Committee. Morphine sulfate and naltrindole were purchased from Sigma (St. L ouis, MO) and freshly prepared in saline and water, respectively. Naltrexone (N TX) and norbinaltorphamine (nor-BN I) were purchased from Tocris Cookson (Ballwin, MO) and freshly prepared in water. Chelerythrine chloride (C albiochem, San Diego, CA) was freshly prepared in DMSO and diluted for a final injection volume in water at 2% DMSO. All compounds were injected at a volume of 10 l /gm animal weight.
Warm water tail-immersion assay. Antinociception was evaluated by measuring response latencies in the warm water tail-immersion (tailflick) assay (Janssen et al., 1963; Stone et al., 1997) . Response latencies were measured as the amount of time the animal took to respond to the thermal stimuli. The warm water (43, 48, and 54°C) tail-flick test was performed by gently holding the mouse in a terry cloth towel and immersing between 2 and 3 cm from the tip of the tail into the water, and the response was defined as the removal of the tail from the warm water as described previously (Bohn et al., 2000c) . Hot-plate (50, 53, and 56°C) experiments were performed as described previously (Bohn et al., 1999) . When exposed to the test under the influence of morphine, mice were not permitted to exceed 30 sec of exposure to the thermal source to prevent prolonged painf ul stimulation. The reported data account for this artificial ceiling as well as for the basal responsiveness of each mouse to the test and is presented as the percentage of maximum possible effect (%M PE), which is calculated by the following formula: 100% ϫ [(drug response time Ϫ basal response time)/(30 sec Ϫ basal response time)] ϭ %M PE.
[ 35 S]GTP␥S binding assays. [ 35 S]GTP␥S (1250 C i /mmol; N EN, Boston, M A) binding assays were performed on membranes from mouse spinal cords as described previously (Bohn et al., 1999) . Samples were placed on ice and homogenized by polytron in membrane preparation buffer (50 mM Tris, pH 7.4, 1 mM EDTA, and 3 mM MgC l 2 ), and crude membranes were prepared by centrif ugation at 20,000 ϫ g for 30 min at 4°C. Membranes were resuspended in assay buffer (50 mM Tris-HC l, pH 7.4, 100 mM NaC l, 3 mM MgC l 2 , and 0.2 mM EDTA) containing 10 M GDP. Reactions were terminated by rapid filtration over GF/ B filters (Brandel, Gaithersburg, MD) using a Brandel cell harvester. Filters were washed three times with ice-cold 10 mM Tris-HC l, pH 7.4, and then counted in a liquid scintillation counter. n represents membranes prepared from striata from one mouse.
Statistical anal ysis.
All statistical analyses were calculated using GraphPad (San Diego, CA) Prism software.
RESULTS

Basal nociceptive thresholds
Basal response latencies were assessed using the warm water tail-immersion test, and a difference between genotypes became readily apparent. At 43, 48, and 54°C, the ␤arr2-KO mice experience a significantly greater delay in tail withdrawal than their WT counterparts (Fig. 1 A) . Furthermore, this delay in tail withdrawal is also greater in the ␤arr2 heterozygotes, implicating the importance of the concentration of ␤arr2 in regulating OR responsiveness Lowe et al., 2002) . The initial comparison of basal nociception to the 56°C hot-plate revealed that the WT and ␤arr2-KO mice did not differ in their response latencies (Bohn et al., 1999) , and this observation has been extended to hot-plate temperatures of 50 and 53°C as well ( Fig.  1 B) where again, no differences are seen. The prolonged tail-flick latencies in the ␤arr2-KO mice come somewhat unexpectedly, considering that there are no differences between genotypes observed in the hot-plate test. Furthermore, the elevated tail-flick latencies were also present in ␤arr2-KO mice that had been back-crossed six generations to C57BL/6 mice (C57-WT, 1.8 Ϯ 0.34 sec; C57-KO, 4.5 Ϯ 0.3 sec), exemplifying the penetrance and # p Ͻ 0.05 versus ␤arr2ϩ/Ϫ; one-way ANOVA followed by Bonferroni's multiple comparison test; n ϭ 13-20 WT; n ϭ 6 -8 ␤arr2ϩ/Ϫ; n ϭ 13-21 ␤arr2-KO mice. B, Hot-plate. WT and ␤arr2-KO mice were assessed for paw-withdrawal latencies on the 50, 53, and 56°C hot plate. There were no differences in responses between the littermates (n ϭ 12-27).
significance of the differences seen between the genotypes in the tail-flick test.
[
S]GTP␥S binding in spinal cord membranes
GPCR coupling to G-protein is an indicator of the potential of the receptor to signal. Therefore, we assessed OR coupling in membranes prepared from mouse spinal cord. The OR-selective agonist D-Ala 2 -N-Me-Phe 4 -Glycol 5 ]enkephalin showed a robust stimulation of G-protein coupling in the WT mouse membranes; however, there was a greater degree of agonist-dependent coupling in the spinal cord membranes from the ␤arr2-KO mice (Fig.  2) . Radioligand binding assays in spinal cord membranes using [ 3 H]naloxone (52 Ci/mmol; Amersham Biosciences, Piscataway, NJ) showed no difference between genotypes in receptor binding (data not shown). It appears that this enhanced coupling of the OR in the ␤arr2-KO mice correlates with the enhanced basal antinociception seen in the tail-immersion test. However, it should be noted that an enhanced coupling of the OR was also detected in periaqueductal gray and brainstem regions of the mutant mice, and this was not reflected in differences in basal pain perception as assessed in the hot-plate test (Bohn et al., 1999 (Bohn et al., , 2000b ). This apparent difference in the behavioral outcome could reflect a more complex circuitry underlying central pain processing systems.
Antagonism of basal antinociception
To assess whether the increased tail-withdrawal latency was mediated via the OR, mice were treated with opioid receptor antagonists. Naltrexone (2 mg/kg, i.p.) was used to reverse the tail-flick latencies of the ␤arr2-HT and -KO mice to the same levels experienced by the WT mice (Fig. 3A) . This effect was also seen at water temperatures of 42 and 54°C (data not shown). Furthermore, a fourfold lower dose of naltrexone reduced tailflick latencies in the ␤arr2-KO mice (KO basal, 7.8 Ϯ 1.2; KO plus NTX, 4.2 Ϯ 0.2 sec; n ϭ 7), whereas WT mice were not affected by this dose (WT basal, 4.4 Ϯ 0.8; WT plus NTX, 4.3 Ϯ 0.3 sec; n ϭ 7). Naltrexone blocks , ␦, and opioid receptors; however, because there is not a highly selective OR antagonist that can be administered systemically, it was used in parallel with antagonists selective for ␦ or opioid receptors (Negus et al., 1993) . Naltrindole (␦ selective; 2.5 mg/kg, s.c.) and nor-binaltorphamine ( selective; 5 mg/kg, s.c.), which inhibit ␦-and -mediated antinociception (Matthes et al., 1998) , did not affect the basal tail-flick latencies in either genotype (Fig. 3B) , demonstrating that the enhanced basal antinociception is mediated through the OR.
Morphine-induced antinociception
The ␤arr2-KO mice display an increased sensitivity to morphine in the hot-plate antinociception test (Bohn et al., 1999) ; therefore, morphine-induced antinociception was assessed in the tailimmersion test as well. Again, ␤arr2-KO mice experience a more prolonged and enhanced antinociceptive response compared with WT littermates after a single morphine (10 mg/kg, s.c.) injection (Fig. 4) . The data have been normalized to the basal latency and the artificial ceiling of 30 sec to prevent overexposure of the tail to the warm water. By normalizing to the basal latency of each mouse, the effect of morphine can be considered over the differences already seen in the basal latencies. Furthermore, the tests with morphine were conducted at 54°C, a temperature at which the smallest differences between WT and ␤arr2-KO mice are seen.
Morphine-induced antinociceptive tolerance
A disruption of OR desensitization by elimination of ␤arr2 results in a lack of morphine antinociceptive tolerance in the hot-plate test, as demonstrated previously in the ␤arr2-KO mice (Bohn et al., 2000b) . This lack of antinociceptive tolerance was apparent in three separate regimens of morphine treatment, which demonstrated that the ␤arr2-KO mice do not become tolerant after an acute challenge of a large dose of morphine, nor do they develop tolerance after chronic administration of the drug. The underlying circuitry regulating the perception of pain in the warm water tail-immersion and hot-plate tests is likely to differ (LeBars et al., 1976; Mayer and Price, 1976; Mansour et al., 1988; Yaksh, 1997) . Moreover, the contribution of ␤arr2 to each of these systems may also differ, as can be observed in their basal pain response latencies in the two tests, wherein the mutant mice only displayed an increased latency in the tail-flick test. Given the potential for differences in the regulation of these systems, the development of morphine tolerance was also evaluated in the tail-immersion test. Twenty-four hours after an acute challenge with either saline or a high dose of morphine (100 mg/kg, s.c.), mice were assessed for their responsiveness to the 54°C water tail immersion 30 min after morphine (10 mg/kg, s.c.) treatment. As was observed previously in the hot-plate test, the WT mice develop substantial tolerance to subsequent morphine treatment, whereas the ␤arr2-KO mice experience the full antinociceptive effects of morphine in the tail-immersion test regardless of whether they received saline or a large dose of morphine the day before (Fig.  5 ). This absence of the development of acute morphine tolerance suggests that, as in the hot-plate test, ␤arr2 plays an essential role in regulating OR responsiveness in the development of acute tolerance.
The mechanisms underlying the development of acute and chronic morphine tolerance have been considered to be the same (Fairbanks and Wilcox, 1997) . However, when considering tolerance in direct relation to desensitization of the receptor, the development of acute tolerance is likely to be fundamentally different from chronic tolerance caused by the desensitization requirements of a repeated low dose of drug versus an immediate need to compensate for a single challenge with an extremely high concentration of drug. The cellular adaptations required to compensate for the challenge of a high concentration of drug might differ at the receptor level from the cellular adaptations required to compensate for repeated administrations of a lower dose of drug. Therefore, we treated animals with morphine (10 mg/kg, s.c.) on a daily basis and monitored their responsiveness in the tail-immersion test. Although the onset of morphine tolerance is readily apparent in WT mice after the third day of morphine treatment, the ␤arr2-KO mice still experience the full effect of morphine over this period. Interestingly, after the fourth day of treatment, the ␤arr2-KO mice abruptly begin to lose their sensitivity to morphine (Fig. 6 A) . By the fifth day, the ␤arr2-KO mice are no different from the WT mice in their responsiveness to morphine, and both mice appear to be completely tolerant to morphine (10 mg/kg, s.c.) in the tail-immersion test throughout the seventh day. This was surprising, because the ␤arr2-KO mice failed to develop morphine tolerance even after 9 d of consecutive morphine administration in the hot-plate test paradigm. In this experiment, the same mice that showed no responsiveness to morphine in the tail-immersion test on the seventh day were also subjected to the 56°C hot-plate test. Although the ␤arr2-KO mice experience tolerance in the tail-immersion test, they still experience the antinociceptive effects of morphine in the hot-plate test (Fig. 6 A, inset) .
To ascertain whether there is a difference in the degree of tolerance developed between genotypes, a dose-response curve was generated on days 1 and 7 of the chronic morphine tailimmersion regimen (Fig. 6 B) . On day 1, it is apparent that the ␤arr2-KO mice are approximately twofold more sensitive to morphine than the WT mice; this observation was also consistent with the hot-plate test results (Bohn et al., 2000b) . However, after chronic morphine treatment, the knock-out mice have developed morphine tolerance, as have the WT mice. Although the ␤arr2-KO mice, like the WT mice, experience tolerance to morphine, the concentration required to reach half-maximal antinociception in the WT mice was considerably higher than in the mutant mice. This suggests that although the ␤arr2-KO mice have become tolerant in the tail-flick assay, they have not reached the same extent of tolerance as the WT mice.
By examining the antinociceptive properties of morphine using the hot-plate and tail-immersion paradigms, we find that in both cases, mice lacking ␤arr2 are more sensitive to morphine. After chronic morphine treatment, ␤arr2-KO mice do not develop tolerance to the hot plate; however, they do experience tolerance, albeit to a lesser extent, in the tail-immersion test. These differences suggest that perhaps in the spinal reflex test, there is another, ␤arr2-independent regulatory mechanism that might contribute to the modulation of morphine-induced antinocicep- . ␤arr2-KO mice do not develop acute morphine tolerance. Mice were pretreated with either saline or morphine (100 mg/kg, s.c.), and 24 hr later, when they had returned to their basal latencies, mice were administered morphine (10 mg/kg, s.c.). Tail-withdrawal latencies (54°C water) were assessed 30 min after this second injection. Although the WT mice experience tolerance 24 hr after receiving the first injection of morphine ( p Ͻ 0.001 compared with saline pretreatment), the ␤arr2-KO mice do not. The ␤arr2-KO mice experience greater antinociception after morphine than WT mice regardless of whether they were pretreated with morphine or saline ( p Ͻ 0.001). Analysis is by one-way ANOVA followed by Bonferroni's multiple comparison test; n ϭ 6 mice per genotype.
tion. The concept that other regulatory components could contribute to desensitizing the receptor after chronic morphine is attractive and perhaps consistent with the delayed onset of tolerance until the fourth day of treatment. Moreover, mechanisms other than classical OR desensitization have been suggested previously for the development of morphine tolerance. However, the ␤arr2-KO mice do not develop the same degree of tolerance as the WT mice, suggesting that the ␤arr2-mediated desensitization of the receptor may be the predominant mechanism, yet other contributions to morphine tolerance clearly must be present.
Reversal of morphine tolerance in knock-out mice
One potential mechanism involves PKC activation, which has been shown to contribute to OR responsiveness. In several studies, PKC inhibitors have been used to block the development of morphine tolerance in mice (Narita et al., 1995; Granados-Soto et al., 2000; Inoue and Ueda, 2000) . Because PKC inhibitors are not isoform selective, it has been difficult to attribute the actions of these inhibitors to a specific form of PKC. Recently, Zeitz et al. (2001) reported that mice lacking the PKC␥ isoform experience slightly yet significantly attenuated morphine tolerance in the tail-immersion test. The fact that the PKC␥-KO mice still experience a significant degree of tolerance could be attributable to the dominance of the still intact ␤arr2-mediated desensitization of the receptor. To test whether PKC is contributing to the delayed and attenuated development of morphine tolerance in the ␤arr2-KO mice, we treated mice after 7 d of chronic morphine (10 mg/kg, s.c., daily) with the PKC inhibitor chelerythrine. When given 10 min before morphine, chelerythrine was able to completely reverse morphine tolerance in the ␤arr2-KO mice, while having little to no effect on the tolerant WT mice (Fig. 7A) .
In previous studies in which PKC inhibitors have been reported to reverse morphine tolerance, the drug was administered intrathecally (Granados-Soto et al., 2000; Inoue and Ueda, 2000) or intracerebroventricularly (Smith et al., 1999) . In the present study, the dose of chelerythrine (5 mg/kg) was given intraperitoneally; therefore, it is not surprising that the low concentration of the inhibitor reaching the spinal sites is not sufficient to reverse tolerance in the WT mice, wherein the ␤arr2-mediated desensitization remains intact. The effect of chelerythrine alone was also tested in tolerant and naive animals. Chelerythrine did not affect tail-withdrawal latencies in either genotype when given alone to tolerant mice (Fig. 7A) . To verify that chelerythrine does not synergize with morphine to produce antinociception in the ␤arr2-KO mice, we tested chelerythrine with morphine (5 mg/kg, s.c.). The lower dose of morphine was chosen to ensure that in the case of synergism, the ceiling would not be reached; however, there is no effect of chelerythrine on morphine-induced antinociception (Fig. 7B) . Therefore, in the absence of the ␤arr2-mediated desensitization, the contributions of other systems, possibly downstream of the immediate regulation of the OR, become readily apparent. Our data suggest that PKC activity contributes to the desensitization of the OR and hence to the delayed development of morphine tolerance in the tail-flick assay in the ␤arr2-KO mice.
DISCUSSION
The delayed tail-flick response latency displayed by the ␤arr2-KO mice represents the first phenotype reported in the mutant mice that occurs in the absence of agonist challenge. Although the latency of the tail-flick response is prolonged in the mutant mice, the response to the hot plate remains the same between the littermates (Fig. 1) . It should also be noted that there is a genedosage effect, as can be seen in the delayed tail-withdrawal responses in the heterozygotes. The enhanced tail-flick latency seen in the ␤arr2-KO mice correlates with increased OR-G-protein coupling in membranes prepared from spinal cord (Fig. 2) , implying that the extended response latencies in the warm water tail-immersion test may be caused by increased activity at spinal ORs. This concept is supported by the ability of naltrexone, but not nor-BNI or naltrindole, to inhibit this effect in the knock-out animals (Fig. 3) .
The ␤arr2-KO mice represent an animal model in which the morphine-induced desensitization of the OR has been significantly impaired because of the loss of ␤arr2. In addition to displaying an enhanced and prolonged response to morphine in # p Ͻ 0.005), with a significant decrease on days 4 and 5 ( p Ͻ 0.02). Student's t test; n ϭ 7 mice per genotype. Inset, On day 7, mice were placed on the hot plate (56°C), and paw-withdrawal latencies were recorded. B, A morphine dose-response curve was generated in animals on day 1 and again after 7 d of daily morphine treatments. In these studies, mice were not tested daily for antinociceptive latencies. Some points at the lower doses are the averaged responses after cumulative dosing of morphine as described previously (Bohn et al., 2000a) . These points were similar to results obtained with an acute dose of the drug and were therefore averaged together. ED 50 values were calculated via nonlinear regression analysis (GraphPad Prism), and 95% confidence intervals are as follows: day 1 WT, 10.3 (7.6 -13.7); ␤arr2-KO, 4.6 (4.5-4.8); day 7 WT, 75.8 (51.3-112.1); ␤arr2- KO, 3) mg/kg. both hot-plate and tail-immersion tests (Fig. 4) for pain perception, the ␤arr2-KO mice also do not develop acute tolerance after a single challenge of a large dose of morphine in both tests (Fig.  5) . However, after chronic daily morphine administration, although the KO mice do not demonstrate morphine tolerance in the hot-plate test, they do develop tolerance, although to a lesser degree than WT mice, in the tail-immersion test (Fig. 6) . The enhanced and prolonged antinociception after a single dose of morphine, the lack of acute tolerance in the ␤arr2-KO mice, and the fact that they show no sign of decreased morphine responsiveness in the first 3 d of treatment suggest that ␤arr2 is predominantly involved in the normal desensitization of the OR when drug is present. However, on the fourth day of morphine treatment, the ␤arr2-KO mice show the first signs of tolerance, and by the fifth day, the mice no longer respond to 10 mg/kg morphine in the tail-immersion test. This delayed onset of the development of tolerance in the mutant mice implies the intervention of another mechanism.
There is good evidence supporting a role for PKC in morphine tolerance. Several studies have shown that PKC levels and activity are increased after chronic opiate treatment. Specifically, PKC␣ and PKC␥ activity and expression were increased in rat dorsal horn membrane preparations after chronic morphine; furthermore, the increased activity could be blocked by chelerythrine after the chronic treatment (Granados-Soto et al., 2000) . Li and Roerig (1999) reported enhanced PKC catalytic activity in mouse spinal cord after chronic morphine treatment. In addition, studies in mice lacking PKC␥ revealed a modest attenuation of morphine tolerance in the tail-immersion test. In these studies, because the degree of attenuation was small, these authors suggested that other PKC isoforms, which are still present in these mice, might be contributing to the induced tolerance as well. Our data suggest that perhaps the remaining tolerance expressed by the PKC␥-KO mice is not simply attributable to remaining PKC activity but is much more likely the result of ␤arr2-mediated desensitization of the receptors, which is still intact in these mice.
It is not known whether PKC regulation of the OR occurs via direct phosphorylation of the receptor (Zhang et al., 1996) or whether the kinase serves as an intermediate in another neuronal signaling system. For example, increased PKC activity facilitates NMDA receptor signaling. Glutamatergic activation of NMDA receptors is involved in morphine tolerance, and the blockade of this system by NMDA receptor antagonists, such as (ϩ)-5-methyl-10,11-dihydro-5H-dibenzo [a,d] cyclohepten-5,10-imine maleate (MK-801), can attenuate the development of morphine tolerance (Trujillo and Akil, 1991; Gutstein and Trujillo, 1993; Allen and Dykstra, 1999) . Fan et al. (1998) have proposed that the activation of NMDA receptors enhances PKC activation and the subsequent desensitization of opioid receptors in NG108-15 cells and in cultured neurons. PKC activation could also play a role in the opioid receptor-mediated effects on tolerance ( Vanderah et al., 2001) , because the receptor has been shown to signal through PKC (Barg et al., 1993; Bohn et al., 2000a ). Although we do not know at what point PKC regulation of OR signaling comes into play, the importance of ␤arr2-mediated receptor regulation in the development of morphine tolerance is once again demonstrated. It is only in the absence of ␤arr2 that the role for chelerythrine-sensitive PKC regulation of the OR becomes readily apparent.
Mice lacking ␤arr2 exhibit substantially enhanced morphine responsiveness either in the hot-plate test or the tail-immersion antinociceptive test. Our previous study demonstrated that in the absence of ␤arr2, mice did not develop tolerance regardless of whether morphine was given by acute, daily chronic, or constant chronic administration (Bohn et al., 2000b) . In this study, we have found that OR response to the antinociceptive drug morphine can be alternatively regulated in different pain perception systems. It would appear that the ␤arr2-mediated mechanism of desensitization is the major contributor to the development of tolerance in both supraspinal and spinal systems. However, abrogation of this dominant regulatory mechanism clearly reveals the contribution of a PKC-mediated mechanism underlying the development of morphine tolerance in spinal systems.
